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0.0001) affected the number of cotyledons with sporulation and the number of sporangia produced per cotyledon. No sporulation was observed at wind speeds of >0.5 m s -1 , regardless of RH. In still air, the number of sporangiophores produced per cotyledon increased linearly with RH from 81 to 100% (P = 0.0001, r = 0.98). Histological observations indicated that sporulation may be affected by stomatal aperture in response to RH, as more closed stomata and correspondingly fewer sporangiophores were present at lower RH. These results are important for understanding the mechanism of RH effects on sporulation and for predicting conditions conducive to downy mildew development.
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Atmospheric moisture is among the most important environmental factors affecting sporulation of downy mildew pathogens. Peronospora destructor, the causal agent of onion downy mildew, sporulates only at relative humidity (RH) ≥80% (26) . The minimum RH required for sporulation of other downy mildew pathogens ranges from 90 to 98% (19) . Sporulation of Bremia lactucae Regel, which causes downy mildew of lettuce (Lactuca sativa L.), also requires at least 80% RH (20) .
The temperature range permitting sporulation of B. lactucae varies from 4 to 20°C (24) with optima reported to range from 10 to 15°C (7) or 6 to 11°C (20) . Although temperature and RH act simultaneously in the field, the interactive effects of these two variables on sporulation of B. lactucae have not been investigated previously.
Wind is involved in various stages of the disease cycle, either alone or by interacting with other factors. Wind can reduce leaf wetness and decrease infection by B. lactucae (21) . Multivariate analysis of microclimate data in relation to development of lettuce downy mildew in the field in California suggested that wind at night has a negative effect on disease development (22) . Wind also can influence sporulation by affecting RH in the leaf surface boundary layer (8) . For example, production of mycelia and conidia by Botrytis cinerea is negatively affected by wind, also depending on atmospheric moisture (23) . In saturated still air, sporulation of Drechslera turcica is moderate or abundant, while wind speeds of 0.5 and 1.55 m s -1 almost completely prevent sporulation (13) . Sporulation of Peronospora destructor is similarly prevented at wind speeds of 0.3 to 1.0 m s -1 in saturated air (13) . Phytophthora infestans does not produce sporangia at wind speeds of 0.3 × 10 −3 m s -1 in 80 to 88% RH or at 5.5 to 13.7 × 10 −3 m s -1 in 80 to 95% RH (9) . Similar studies to determine the effect of wind on sporulation of B. lactucae in controlled conditions have not been carried out.
Although individual effects of RH and wind on sporulation have been well documented for some fungi or oomycetes, our understanding of the mechanism underlying these effects is limited. Leach (12) investigated to what extent sporulation was affected by the electrostatic charge on leaf surfaces analogous to the mechanism underlying spore release. In these studies, a direct electrostatic effect on spore development was considered unlikely (13) . Because the sporangiophores of downy mildew pathogens emerge through the stomata, we hypothesized that stomatal aperture, which is affected by RH and wind (1, 17) , may indirectly affect sporulation. The objectives of this research were, therefore, to investigate the interactive effects of temperature, RH, and wind speed on sporulation of B. lactucae in controlled conditions and to determine the potential mechanism underlying these effects.
MATERIALS AND METHODS
Maintenance of host and pathogen. Seeds of lettuce cvs. Salinas and Cobham Green were planted in plastic pots (5 by 5 by 6 cm; ≈50 seeds per pot) containing moist U.C. potting mix (40% washed sand, 20% nitrified red wood compost, 20% sphagnum peat, and 20% pumice rock). Seedlings were raised at 15°C and 100% RH in a growth chamber with a 12-h photoperiod (light intensity of 74 W m -2 ) and kept well watered. An isolate of B. lactucae collected in the Salinas Valley of California in 1991 and belonging to pathotype III (16) was used in the temperature × RH experiments. Due to shifts in pathotypes during subsequent years, an isolate belonging to pathotype V, which was dominant in the Salinas Valley in 1997, was used in the RH × wind speed experiments. Both isolates were maintained on seed-lings of 'Cobham Green' cultured with half-strength Hoagland's solution (10) in sealed tissue culture boxes (GA 7, Magenta Corp., Chicago).
Inoculation. Ten-day-old seedlings were inoculated with a suspension containing 1.0 × 10 4 sporangia per ml in sterile distilled water with an atomizer. Unless stated otherwise, inoculated seedlings were kept in a transparent crisper box (32 by 24 by 11 cm) for 24 h at 15°C and 100% RH in the dark to allow infection.
Effects of temperature and RH on sporulation. Inoculated seedlings were incubated in crisper boxes at 15°C and 100% RH with 14 h light for 4 days. On the fifth day, the boxes were opened to reduce RH to ambient levels (65 to 75%) so that sporulation would not occur the following night. On the evening of the sixth day, the experimental treatments were initiated in a splitsplit-plot design with three replicates. Five growth chambers (main-plots) were used for temperature treatments of 5, 10, 15, 20, and 25°C. RH (85, 90, 95, and 100%) and exposure time (3, 5, 7 , and 10 h) were allocated to subplots and sub-subplots, respectively. The different RH levels were maintained with supersaturated salt solutions (3) ( Table 1) and measured periodically with a humidity probe (Model 207; Campbell Scientific Inc., Logan, UT). The experiment was carried out twice.
The number of sporangia produced per cotyledon was assessed after exposure times of 3, 5, 7, and 10 h in the various temperature and RH combinations. All cotyledons were harvested, and the sporangia were washed off by vortexing the cotyledons in 5 ml of water. Concentrations of sporangial suspensions were determined with a hemacytometer and expressed as number of sporangia per cotyledon.
Effects of RH and wind speed on sporulation. Miniature wind tunnels were constructed from crisper boxes and plastic tubing. Two fans were attached individually to two 5.5-cm-diameter openings on one side of the box. The front of each fan was fastened to the box with glue and its back was connected to plastic tubing leading to an opening of the same diameter on the opposite side of the box. Wind was generated with the fans from one end of the box and passed through the box into the open end of the tubing at the opposite side. This design maintained a sealed air-circulation system with constant RH. Potentiometers were used to adjust fan speed and thereby change wind speed inside the box. Each wind tunnel was divided longitudinally with a plastic board, allowing the establishment of two independent wind treatments while maintaining the same RH. RH was measured as described previously. A split-plot design with three replicates was used to investigate the interactive effects of RH (main plot) and wind speed (subplot) on sporulation of B. lactucae. Wind tunnels were maintained at 15°C, and supersaturated solutions of (NH 4 ) 2 SO 4 , ZnSO 4 ·7H 2 O, Na 2 SO 3 ·7H 2 O, and double-distilled water were used to generate 81, 90, 95, and 100% RH, respectively. Wind speeds of 0, 0.1, 0.5, and 1.0 m s -1 were set for each RH treatment and measured inside the tunnel at 6 cm from the fans with a lowvelocity flow analyzer (Type 54N50; DANTEC, Skovlunde, Denmark).
When one pot with 50 plants was moved into each section of the wind tunnel at a distance of 6 cm from the fan, seedlings were inoculated as described previously and incubated at 100% RH and 15°C with 12 h light for 3 days. After 3 days of exposure to the combined RH × wind treatments, cotyledons were harvested and assessed for sporulation as described previously. The experiment was carried out three times.
Effect of RH on sporangiophore formation. RH levels of 81, 90, 95, and 100% at 15°C were established in crisper boxes as described previously. Inoculated seedlings were moved into the boxes after they had been incubated for 3 days at 15°C and 100% RH with 12 h light. After 3 days, 15 cotyledons in each experiment with sporulation were randomly collected from the various RH treatments in three experiments, and the number of sporangiophores produced on the upper surface was counted under a stereomicroscope at ×50.
Effect of RH on stomatal aperture and sporangiophore emergence. To investigate whether RH affects stomatal aperture, which, in turn, may affect emergence of sporangiophores, inoculated seedlings were incubated in crisper boxes at 15°C and 81, 90, and 100% RH with 12 h light. At midnight of the third day after inoculation, replicas of cotyledon surfaces were prepared following the procedure of Williams and Green (25) . Ten replicas were made from each of 10 cotyledons selected randomly from seedlings in each of the three RH treatments.
Molds were examined microscopically, and numbers of open and closed stomata and stomata with sporangiophores were recorded.
Data analysis. Effects of temperature, RH, and exposure time on the number of sporangia per cotyledon were analyzed using analysis of variance for a split-split-plot design in SAS version 6.09 (SAS Institute, Cary, NC). Effects of RH and wind speed on the incidence of cotyledons with sporulation and the number of sporangia per cotyledon were analyzed similarly using a split-plot design. The effect of RH on the number of sporangiophores produced per cotyledon was analyzed using linear regression analysis.
RESULTS
Effects of temperature and RH on sporulation. Temperature had a highly significant effect on sporulation ( Fig. 1; Table 2 ), and maximum sporulation occurred at 15°C for most exposure times. There was a significant interaction between temperature and time (Table 2) , with sporulation being favored by longer periods at optimum temperatures. RH also significantly affected sporulation, whereby increases in RH favored production of sporangia particularly at RH ≥ 90% (Fig. 1 ). There were no interactions between RH and temperature or between RH and exposure time ( Table 2) . Effects of RH and wind speed on sporulation. RH, wind speed, and their interactions significantly affected sporulation of B. lactucae (Table 3 ). Wind speeds of ≥0.5 m s -1 inhibited sporulation at all RH treatments tested, as measured by the incidence of cotyledons with sporulation ( Fig. 2A) . At wind speeds of <0.5 m s -1 , the number of cotyledons with sporulation increased exponentially with increasing RH.
The number of sporangia produced per cotyledon at lower wind speeds also increased sharply as RH increased from 81 to 100% (Fig. 2B) . No sporangia were produced for wind speeds of ≥0.1 m s -1 at RH 81% and of ≥0.5 m s -1 at any RH. There was a significant interaction between wind speed and RH (Table 3) , with most sporangia produced at lower wind speeds and higher RH (Fig. 2B) .
Effect of RH on sporangiophore formation. The number of sporangiophores per cotyledon increased linearly with increasing RH (P = 0.0001, r = 0.98; Fig. 3 ). The average number of sporangiophores produced on the upper surface of an individual cotyledon at 100% RH was 121 ± 22.7 (mean ± SD). Since the upper surface of a cotyledon contained about 700 stomata, as estimated by the mold-cast replicas, less than 20% of all stomata on cotyledons harbored sporangiophores.
Effect of RH on stomatal aperture and sporangiophore emergence. The status of stomata on lettuce cotyledon surfaces could be replicated reliably with the mold-cast technique (Fig. 4) . RH affected stomatal aperture (Fig. 5) , with more stomata closed at 81% than at 90 or 100% RH. Correspondingly, there were fewer stomata with sporangiophores at 81 or 90% than at 100% RH. The maximum frequency of stomata harboring sporangiophores was 15.1 ± 7.2% of the total number of stomata.
DISCUSSION
The optimum temperature range for sporulation of B. lactucae was between 10 and 20°C in this study; this is similar to the range reported by Grogan et al. (7) for isolates from California (10 to 15°C), but higher than that observed by Powlesland (20) for isolates from the United Kingdom (6 to 11°C). Amongst others, temperature may affect sporulation of downy mildew pathogens via its effect on vegetative growth of sporangiophores. For example, sporangiophores of Peronospora destructor were shorter at suboptimal and supraoptimal temperatures than at the optimal temperature of 13°C (26) . It took ≈6 to 9 h for Pseudoperonospora cubensis (11) and ≈8 h for Peronospora trifoliorum (5) to emerge from stomata completely and form mature sporangiophores. This elongation period is a function of temperature.
Sporulation of B. lactucae was reduced at lower RH. Indeed, the number of sporangiophores formed was reduced significantly as RH dropped below saturation, and this may have been the main reason for the reduction in sporangial numbers at lower RH. The response of B. lactucae to decreasing RH was similar to that ob- served for other downy mildew pathogens. No significant difference in sporulation of Peronospora tabacina was observed when RH ranged from 97 to 100%. When RH dropped below 96%, however, sporulation decreased rapidly and approached zero as RH approached 90% (2) . Sporulation of Peronospora destructor required similar high-RH conditions (26) . Other downy mildew pathogens need even higher RH for initiation of sporulation (19) .
When wind speeds exceeded 0.1 m s -1 , sporulation of B. lactucae was reduced, whereas wind speeds of ≥0.5 m s -1 inhibited sporulation completely. This could explain previous observations that wind at night tended to reduce downy mildew incidence in the field (23) . We observed a significant interaction between wind speed and RH. Wind can reduce RH near the leaf surface, increase the transpiration rate (6) , and thus may potentially inhibit sporulation (8) . An interactive effect of wind and RH on sporulation was reported previously for Phytophthora infestans (9) and Botrytis cinerea (23) . Given the requirement for RH near saturation for sporulation of downy mildew pathogens, it is not surprising that even relatively low wind speeds can reduce RH to levels below the threshold for sporulation.
The maximum number of sporangiophores produced on the upper surface of individual cotyledons at 100% RH in our study was very close to the value of 120 sporangiophores per cotyledon estimated by Eenink and DeJong (4) for lettuce cultivars lacking resistance to downy mildew. The percentage of stomata harboring sporangiophores estimated by our mold-cast replicas also was similar to that obtained from direct counts of sporangiophores under a stereomicroscope, indicating that identification and enumeration of sporangiophores from the replicas was reliable.
An association between decreased numbers of closed stomata and increased numbers of stomata with sporangiophores per cotyledon was observed as RH increased from 81 to 100%. We hypothesize that more sporangiophores form through open stomata that are more numerous at higher RH, and that the reduction in RH increased the number of closed stomata and hence reduced the chance for the emergence of sporangiophores. If open stomata were randomly distributed on the cotyledon surfaces, their availability should not be a limitation for sporulation, and the probabilities for sporangiophores to emerge through stomata at different RH levels should be similar. However, our results showed that only a small proportion of open stomata actually harbored sporangiophores, and that this proportion increased from 3.7% at 81% RH to 15.1% at 100% RH. This may be due to restricted vegetative growth of mycelia of the pathogen among leaf mesophyll cells (15) , possibly due to nutrient or space limitations. Furthermore, open stomata are in fact not uniformly distributed on the leaf surface (18) , and their patchy arrangement could greatly reduce the opportunity for sporangiophores to emerge. Although as many as 10 sporangiophores of Peronospora schachtii were able to emerge from a single stoma on a beet leaf (14) , a similar pattern was not commonly observed for B. lactucae. Thus, multiple sporangiophores per stoma are unlikely to compensate for the reduction in the number of stomata harboring sporangiophores.
